The spatiotemporal dynamic response of a segmented anode parallel channel polymer electrolyte membrane ͑PEM͒ fuel cell was monitored following changes in flow rate, temperature and load resistance. Autohumidified operation with dry feeds at 1 bar pressure was achieved at temperatures below 70°C, where the convective transport of water vapor was less than the water production by the fuel cell current. The current could be "ignited" by a single injection of water into the anode feed, or by reducing the temperature and external load resistance. Co-current flow of the hydrogen and oxygen resulted in current ignition at the outlets of the flow channels, followed by a wave of high current density propagating toward the inlets. Counter-current flow of the hydrogen and the oxygen resulted in ignition near the center of the flow channels; over time the ignition front fanned out. The spatio-temporal dynamics of the current ignition along the flow channels can be effectively predicted from a model of a set of coupled differential fuel cells in series. Liquid water condensing in the flow channels gives rise to complex spatio-temporal variations in the current density; these variations are strongly dependent on orientation of the fuel cell with respect to gravity. Polymer electrolyte membrane ͑PEM͒ fuel cells are complex multiphase chemical reactors, whose principal products are water and an electric current. The basic operation of fuel cells has been reviewed extensively in the literature. Hydrogen and oxygen are fed on opposite sides of an ion-conducting polymer. Hydrogen is oxidized to protons at a catalytic anode and the protons are conducted across the membrane, where they react with oxygen and electrons to make water at a catalytic cathode. The proton current is driven by the chemical potential difference of hydrogen between the anode and cathode. When an external load is connected across the anode and cathode an electron current passes through the external load, matched by a proton current through the ion-conducting membrane. The current is limited by both the external load impedance and the internal resistance of the ion-conducting membrane.
Polymer electrolyte membrane ͑PEM͒ fuel cells are complex multiphase chemical reactors, whose principal products are water and an electric current. The basic operation of fuel cells has been reviewed extensively in the literature. Hydrogen and oxygen are fed on opposite sides of an ion-conducting polymer. Hydrogen is oxidized to protons at a catalytic anode and the protons are conducted across the membrane, where they react with oxygen and electrons to make water at a catalytic cathode. The proton current is driven by the chemical potential difference of hydrogen between the anode and cathode. When an external load is connected across the anode and cathode an electron current passes through the external load, matched by a proton current through the ion-conducting membrane. The current is limited by both the external load impedance and the internal resistance of the ion-conducting membrane.
The internal resistance of the polymer electrolyte membrane depends on the water content of the membrane. The water ionizes acid moieties providing mobile protons. [1] [2] [3] [4] Nafion, a Teflon/perfluorosulfonic acid copolymer, is the most frequently employed polymer electrolyte; it is chemically robust to oxidation and strongly acidic. [4] [5] [6] The electrodes are commonly Pt nanoparticles supported on a nanoporous carbon support and coated onto a microporous carbon cloth or paper. These structures provide high three-phase interface between the electrolyte/catalyst/reactant gas at both the anode and cathode. 7 There are multiple transport and reaction steps in a fuel cell. PEM fuel cell designs have been heuristically derived to achieve high power output. Many proprietary methods of making membrane-electrode assemblies have been developed, as well as complex patterns of the flow fields, to distribute the reactants to the fuel cell. 5, 8, 9 There is extensive effort to model PEM fuel cells; models vary in complexity from relatively simple single phase onedimensional models to complex three-dimensional models that attempt to account for multiphase flow and spatial variations in the water content, current density and reactant concentrations. 3, [10] [11] [12] [13] [14] [15] [16] Most fuel cell data is limited to steady state operation. We recently developed the stirred tank reactor ͑STR͒ fuel cell to study dynamic operation of PEM fuel cells. 17 The STR PEMFC is a onedimensional differential cell; longitudinal gradients were minimized, which greatly simplified the analysis of dynamic operation. Ignition/ extinction of the fuel cell current and multiple steady states were demonstrated with autohumidified operation resulting from the balance between water production and water removal. 18 ͑"Current ignition" describes the situation where the steady-state current increases by more than an order of magnitude due to a small change in operating parameter such as the load resistance or reactant flow rate.͒ Almost all large commercial fuel cells employ serpentine flow channels to distribute the gas flow across the active area of the gas diffusion layer. 5, 6, 14, 16, [19] [20] [21] The flow channels typically have a small cross-sectional area resulting in a high gas velocity that pushes liquid water drops through the flow channels to avoid flooding. As water is a product of the fuel cell reaction, the water concentration increases along the length of the flow channels from the inlet to the outlet. 22 The variable water and reactant concentrations cause the current density to vary throughout the fuel cell. Interpreting the integrated current density and average voltage to changes in feed flow rates and load becomes intricate with the serpentine flow channels.
To help identify the essential physics that should be included in PEM fuel cell modeling efforts, we developed a segmented anode parallel channel ͑SAPC͒ fuel cell reactor. The SAPC PEM fuel cell reactor has a simplified two-dimensional geometry. It can be easily modeled by a number of STR PEM fuel cell reactors in series that simplify the analysis of the dynamic operation. We present here data for autohumidified operation of the two-dimensional reactor demonstrating current ignition and reaction front propagation along the flow channels. Flow configurations impact the location of the initial current ignition in the flow channel and the direction of propagation. We show that large current fluctuations occur between different segments along the flow channel that appear to be correlated with water droplet motion. Finally, we show the importance of gravity on liquid water flow in the gas flow channels.
The Segmented Anode Parallel Channel PEM Fuel Cell
To examine the current distribution along a PEM fuel cell flow channel, a two-dimensional fuel cell with parallel flow channels at the anode and cathode and a segmented anode was constructed; we refer to this reactor as the segmented anode parallel channel ͑SAPC͒ fuel cell. Local current densities were measured through each anode segment; the cathode was fabricated as a single unit. The membrane electrode assembly ͑MEA͒ was also fabricated as a single assembly. The reactor was designed with the lateral separation between anode segments Ͼ10 times the transverse separation between the anode and cathode, so that the transverse current is large compared to the lateral currents.
We have built two versions of SAPC fuel cells. Version one had three parallel flow channels at both the anode and cathode. The cathode was a machined block of graphite with three parallel flow channels 2 ϫ 2 ϫ 30 mm long. The entire graphite block was press fit into a larger piece of Teflon for electrical isolation. The flow channels initiated and terminated in common manifolds in the Teflon block at both ends of the graphite flow channels. The anode had the same channel structure, except that it was made of six graphite pieces separated by Teflon spacers inserted into a Teflon block. Copper foils were pressed against the graphite plates and copper wires z E-mail: benziger@princeton.edu were attached to connect them to the external load resistor. Each of the graphite segments was connected individually to a lead wire and run through a 0.1 ⍀ sensing resistor.
After a series of experiments with the first SAPC, we built a second version with a single flow channel at both the anode and cathode. The flow channels were 1.6 mm wide ϫ 3.2 mm deep ϫ 75 mm long, machined out of polycarbonate. The cathode consisted of two stainless steel pieces 6.4 mm wide ϫ 54 mm long, that lined both sides of the flow channel as seen in Fig. 1a . A threaded rod was connected through the polycarbonate plate into the stainless steel pieces. The anode had twelve stainless steel pieces, 6.4 mm square, machined to fit into a polycarbonate plate separated by 3.2 mm along the channel delineating the flow channel. Copper wires were soldered to the stainless steel leads from the electrodes. The stainless steel segments straddling the flow channel from each other were jumpered together to form a single anode segment. The lead wires from each anode segment were connected individually to a 0.1 ⍀ sensing resistor, R sense . With external illumination it was possible to see the MEA in the flow channel through the polycarbonate.
The six leads from sensing resistors at the anode were connected together, and the common lead was connected through a 0-20 ⍀ 10-turn potentiometer to the cathode. The entire assembly was mounted between two aluminum blocks that were temperature controlled using cartridge heaters. A computer DAQ board read the voltage drop across the potentiometer ͑that served as the load resistance͒ and the voltage drop across each of the sensing resistors. The currents through each of the six segments of the anode were determined by multiplying the voltage drop across the sensing resistors by 10 ͑1/R sense ͒. The electrical equivalent of the segmented anode fuel cell is shown in Fig. 1b .
An MEA was placed between the cathode and anode and sealed. We made our own MEA of a Nafion 115 membrane pressed between 2 E-TEK electrodes ͑these consist of a carbon cloth coated on one side with a Pt/C catalyst͒. The catalyst weight loading was 0.4 mg-Pt/cm 2 . The electrodes were brushed with solubilized Nafion solution to a loading of ϳ1 mg-Nafion/cm 2 before placing the membrane between them. 23 The assembly was hot pressed at 130°C and 10 MPa. The Nafion membrane extended beyond the carbon cloth by ϳ3 mm and was pressed between silicon rubber sheet gaskets that sealed the MEA from the sides. The MEA in the single channel fuel cell ͑Version 2͒ was 12 mm wide and 75 mm long.
Hydrogen and oxygen were supplied from commercial cylinders through mass flow controllers at flow rates, F = 1-20 cm 3 /min ͑sccm͒. The effluents were bled into 10 mL graduated cylinders with a small hydrostatic head ͑ϳ2 cm H 2 O͒, so that the cell pressure was effectively 1 bar. The water in the graduated cylinders also kept air from back diffusing into the flow channels. The flows at the anode and cathode could be either co-current or counter-current. The fuel cell could be oriented with the flow channels either vertical or horizontal; we see below, the orientation of the flow channels has a dramatic effect on the fuel cell operation.
Tees with relative humidity sensors ͑Honeywell 3610͒ were positioned at the outlets from both the anode and cathode to measure the water activity in the effluents. A tee with a septum was placed at the inlet to the anode. This permitted direct injection of fixed aliquots of water to the anode.
Dynamics of Start-up of a PEM Fuel Cell
The membrane water content must be sufficient for a PEM fuel cell to sustain an acceptable current density. Can the fuel cell make enough water to keep the fuel cell functioning? Autohumidified fuel cell operation employs dry feeds; the water to humidify the electrolyte membrane is provided by the fuel cell reaction. [24] [25] [26] Two conditions must be satisfied for autohumidified operation of a fuel cell: water production must be sufficient to balance water removal, and there must be sufficient water present in the membrane initially to ignite the fuel cell current. 27 A dry membrane will have a large resistance and limit the fuel cell current, making it very small. Alternatively, if the external load being driven by the fuel cell is increased, it will reduce the current so that less water is produced; this will cause the membrane to dry and extinguish the current. The two-dimensional fuel cell with flow channels results in lateral gradients in composition and current density. The local water balance along the length of the flow channels is controlled by the local current density, convective flow in the gas flow channels, and diffusion of water in the membrane. Ignition and extinction of the fuel cell current along the flow channels in a PEM fuel cell with dry feeds ͑autohumidified operation͒ are presented below.
Ignition and extinction in co-current flow.-The initial water content in the polymer electrolyte membrane was set to a "dry state" before starting an experiment. The dry state was defined such that the current through each segment in the fuel cell was Ͻ1 mA when the fuel cell load was shorted out ͑R L Ͻ 0.5 ⍀͒. Initially, we prepared a dry state at 80°C. The polymer membrane was dried by flowing dry oxygen through the cathode chamber at 10 sccm and dry hydrogen through the anode chamber at 10 sccm for ϳ12 h at 80°C with the fuel cell at open circuit. With a dry membrane, a finite load resistance of 0.2-20 ⍀ could be connected between the anode and cathode and the fuel cell and the current through each anode segment circuit was negligible ͑Ͻ1 mA͒. We subsequently discovered that the "dry" state could be achieved by passing dry gases Figure 1 . ͑Color online͒ ͑a͒ Segmented anode fuel cell. The flow channels and divisions of the anode are shown. The basic setup for temperature control, reactant feed, and relative humidity and water flow measurements for the segmented anode fuel cell was the same as the one employed with the differential PEM fuel cell. 17 ͑b͒ Equivalent circuit for the segmented anode fuel cell. The current through each segment as well as the voltage drop across the load resistance were monitored. The voltage across the load resistance was recorded as well as the currents through the six segments of the anode. The total current was determined by summing the individual currents through the six segments of the anode. through the fuel cell at 25°C and open circuit for 16 h. A fuel cell in the "dry" state had "zero" current through each segment of the fuel cell with a small load resistance ͑R L Ͻ 0.5 ⍀͒ and dry feeds.
Once the membrane was dry, the set point on the temperature controller was adjusted. After the fuel cell temperature stabilized, the external load resistance was set, the reactant flow was started, and data collection was initiated. Temperature, relative humidity in the anode and cathode effluents, voltage drop across the load resistance, and the current through each anode segment were automatically logged every 1-100 s ͑the frequency was varied depending on the specific experiment, with the concern to keep the files manageable for data processing͒.
With a "dry" membrane and fuel cell temperature Ն60°C the SAPC fuel cell current was always negligible ͑Ͻ1 mA total current͒, even when the external load resistance was shorted out. The fuel cell current was ignited by first shorting out the external load ͑R L Ͻ 0.5 ⍀͒ and then either reducing the temperature or injecting an aliquot of liquid water into the anode feed. Figure 2 shows the current ignition at 25°C following water injection. ͑Data file names are listed with the figure. These data files are posted as supplemental information available at our web site.͒ The fuel cell was positioned with the flow channels running vertically and the flows running co-current from top to bottom. Segment 1 is at the inlet for the anode and cathode. The fuel cell current was near zero with a load resistance of 0.5 ⍀ and flow rates of 3 sccm H 2 at the anode and 1.5 sccm O 2 at the cathode. At time zero, 50 L of liquid water were injected into the anode feed. About 150 s after the water injection, the current in each segment increased to ϳ3 mA. 1500 s after the water injection, the current began to rise rapidly approaching steady state around 3000 s after the water injection and increased to steady state currents between 20-50 mA in each segment. The steady state currents are highest near the inlet and fall off toward the outlets of the flow channels.
The fuel cell current will only stay ignited as long as the water produced is greater than or equal to the water removed by convection in the effluents. Water removal scales with the vapor pressure of water, hence it increases with temperature. Water production scales with the current, hence it decreases with increasing load resistance. Increasing the temperature and increasing the load resistance can cause the fuel cell current to extinguish. Figure 3 is an example of extinction of the fuel cell current by increasing the load resistance. An ignited SAPC fuel cell was operated at 80°C with flow rates of 6 sccm H 2 at the anode and 3 sccm O 2 at the cathode and a load resistance of 0.5 ⍀. The fuel cell was operated with co-current flow and was positioned vertically with the feeds entering at the top at segment 1. At time zero, the load resistance was increased to 20 ⍀. Approximately 1000 s after increasing the load, the current in segment 1 began to drop to zero. The current in the other segments extinguished sequentially from the inlet ͑segment 1͒ to the outlet ͑segment 6͒ as the membrane dried out. Two unusual features of the extinction of the fuel cell current are evident in Fig. 3 . The first is that in segments 4, 5, and 6 the current increased before extinguishing. This is attributed to proton currents moving upstream on the cathode after the anode segments were extinguished. Second, the currents in segments 2 and 3 went negative while the currents rose in segments 4, 5, and 6. This is attributed to local potential differences driving internal currents. The voltage across the load resistance is also plotted in Fig. 3 . The voltage stays almost constant until the current in segment 6 of the fuel cell starts to extinguish, and then the voltage drops to zero as the current through the load falls to zero. When the membrane is dry, most of the potential drop occurs across the membrane and there is negligible voltage drop across the load. However, as long as any one segment remained ignited, the voltage drop across the load was almost independent of the active area of the membrane-electrode-assembly.
Extinction of the fuel cell current depends on a balance of the water production and water removal. When the flow rates of hydrogen and oxygen were reduced from 6 and 3 sccm, respectively, to 3 and 1.5 sccm, the time for the current extinction was 4000 s; it took twice as long for the current to extinguish when the flow rate was halved. Alternatively, it was observed that when the load resistance was increased to 10 ⍀ instead of 20 ⍀, the time for current extinction was 2500 s; it took longer for the current to extinguish when the load resistance was halved because the water production rate was greater. There is a critical load resistance below which the current will not extinguish; it is a function of both temperature and flow rate, but we did not attempt to determine that condition experimentally.
After the fuel cell current is extinguished, the current can be reignited by reducing the load resistance and reducing the temperature. Reducing the fuel cell temperature reduces the water removed by convection. The flows to the anode and cathode were shut off after the fuel cell was extinguished and the temperature controller was reset from 80 to 25°C. By stopping the gas flow through the fuel cell the membrane was "dry" from the viewpoint of its resistivity being large enough to limit the current to Ͻ1 mA, but the membrane was not dried to where the resistivity became excessively high and limited the current to ϳ1 A. Once the temperature was at 25°C, the load resistance was reduced to 0.5 ⍀ and the flow to the fuel cell was started up at 6 sccm H 2 at the anode and 3 sccm O 2 at the cathode. The fuel cell was in a vertical orientation with the feeds entering at segment 1. The dynamic response during the start-up is shown in Fig. 4a and b. Figure 4a shows the first 100 s after the flow was started, and Fig. 4b shows the response over 10,000 s. Figure 4a and b show a two-step current ignition. The first current ignition started 50 s after the flow started with a small current of 3 mA in segment 1, and then each segment ignited in sequence over a period of 10 s. The first ignition step shows a peak in the current that lasts for ϳ10 s after which the current and voltage both decrease to a low value. This first ignition step occurred when the hydrogen and oxygen flows first reached the membrane-electrode interface. The first reaction front moves along the channel at ϳ1 cm/s. The gas velocity in the flow channels is ϳ10 cm/s. The first current front propagates slower than the gas velocity because of gas diffusion across the gas diffusion layers in the MEA. The second ignition step, depicted in Fig. 4b , begins after 1000 s and takes a period of ϳ500 s for the currents to reach a steady state. The second ignition step is different from the first ignition step. The second ignition step shows the currents rising to a high value and remaining at those high values. The currents in segments 5 and 6 are the first to ignite in the second stage of ignition, followed by segment 4. Segments 1 and 2 appear to extinguish and segment 3 sustains only a small current. The voltage across the load resistance rises coincidentally with both ignition steps. The second ignition step is ascribed to hydration of the membrane by the water produced in the fuel cell. Figure 5 shows a different ignition experiment with all the conditions the same as those used for Fig. 4 except that the flow rates were reduced to 3 sccm H 2 and 1.5 sccm O 2 at the anode and cathode. Reducing the flow rates reduced the convective transport of water. Diffusion of water in the membrane can then propagate upstream against the convective flow. This resulted in the current ignition of segments 3, 2, and 1 of the SAPC fuel cell. A comparison of Fig. 4b and 5 are illustrative of how the balance between convection and diffusion can dramatically alter the current distribution in PEM fuel cells.
Ignition and extinction in counter-current flow.-The inlets at the anode and cathode can be configured so the gas flow is countercurrent. The SAPC fuel cell was set up with the flow channels running vertically and hydrogen and oxygen flows running countercurrent. For the results presented here the oxygen flow at the cathode was running from top to bottom and the hydrogen flow ran from bottom to top. ͑We anticipated more liquid would form at the cathode, so the configuration was arranged to remove liquid by 
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Journal of The Electrochemical Society, 154 ͑8͒ B835-B844 ͑2007͒ B838 gravity at the cathode.͒ Figure 6 shows the ignition of the SAPC fuel cell with counter-current flows. The fuel cell was first extinguished by operating with dry feeds at 80°C with a load resistance of 20 ⍀. The flows were stopped, the fuel cell cooled down to 25°C, and the load resistance set to 0.5 ⍀. After the temperature had equilibrated at 25°C the flows were initiated: 6 sccm H 2 : the anode and 3 sccm O 2 at the cathode. Counter-current flow produced a different ignition pattern than co-current flow. Ignition occurred near the center of the flow channel. And, after ignition, a current front fanned out in both directions with the all segments igniting over a period of ϳ100 s. A simple visual comparison of Fig. 5 and 6 shows that ignition occurred over a much shorter time period with counter-current flow as compared to co-current flow.
The difference between co-current and counter-current flow is shown in Fig. 7 , which is a 3-D plot of the local current density as a function of time. Co-current reactant flow ignites the proton current at the outlet of the flow channels; after ignition the proton current ignition front propagates towards the inlet of the flow channel. As the proton ignition front propagates upstream, the current drops off in the downstream section of the flow channel. In contrast, counter-current flow shows that the proton current ignition near the center of the flow channel, with the proton current front fanning out from there.
Extinction of the proton current with co-current flow was the reverse of ignition. Increasing the load resistance under co-current flow conditions resulted in proton current extinction starting at the inlet, and the proton current front extinction front propagated to the outlet. When the load resistance was increased with counter-current flow, the proton current extinguished from both ends, narrowing the ignition band to a region in the center of the flow channel until the fuel cell proton current finally extinguishes.
Effect of gravity on current stability.-The results in Fig. 2 -5 were obtained with the gas flows at the anode and cathode being co-current downward in the direction of gravity. At 25°C, sufficient water is formed that liquid water can condense in the flow channels, especially the cathode flow channel. When the gas flow is in the same direction as gravity, any liquid water formed in the fuel cell is swept out by the gas flow. When we performed experiments with counter-current gas flows, shown in Fig. 6 and 7 , we had the cathode flow going downward. Because most of the liquid water product ends up at the cathode, the gas flow at the cathode swept out almost all the liquid water formed. In all of the experiments conducted with gas flow downward, the steady state proton current was stable; there was little fluctuation of the proton current, independent of the inlet gas flow rates.
When the gas flow at the cathode was upward, against gravity, we saw that the stability of the proton current depended on the gas flow rates. There were no significant differences in the proton current evolution during ignition of the fuel cell from a dry state between upward and downward gas flows. However, after ignition, when liquid water began to accumulate in the flow channels, the flow direction relative to gravity made an enormous difference. Figure 8 shows the proton current distribution when the gas flow rates were reduced at 19000 s from 12 sccm H 2 and 6 sccm O 2 to 6 sccm H 2 and 3 sccm O 2 . The gas flow in Fig. 8 enters at segment 6 and exits at segment 1. When the gas flow at the cathode was in the direction of gravity the proton currents became steady after ϳ4000 s, independent of flow rate ͑see Fig. 4b and 5͒ . However, when the flow was flipped so that the cathode gas flow opposed gravity, entering at the bottom and exiting at the top of the flow channels, the proton currents in the ignited section of the fuel cell were stable at the higher gas flow rates and then showed large fluctuations at the lower gas flow rate. Figure 8 shows that when the inlet reactant gas flow rates were reduced, the average proton currents increased in the anode segments near the inlet. As the gas flow rate is reduced, water diffusion in the membrane becomes more significant relative to water convection, resulting in increased membrane hydration near the inlets. The same phenomenon was also seen in Fig. 4b and 5 when the gas flow was downward.
The fluctuations in the proton current seen in Fig. 8 are attributed to slugs of liquid water in the flow channels that had to be pushed against gravity by the gas flow. We were able to see the water slugs in the cathode flow channel in the SAPC fuel cell constructed with polycarbonate. With the inlet oxygen flow rate of 6 sccm water slugs formed every 10 s and were swept through the flow channel in ϳ3 s. The liquid slugs appeared to move at the velocity of the gas, and the water slugs exited the flow channel before the next slug formed. When the gas flow rate was reduced, a second liquid water slug was formed in the channel before the first slug exited the channel. When more than a single liquid water slug was in the cathode flow channel, it affected the oxygen concentrations upstream of the slug, causing the current to fluctuate.
With counter-current flow, either the anode or cathode gas flow will be in the direction of gravity. When the cathode flow was in the direction of gravity we did not see any significant current fluctuations and the SAPC fuel cell operation was similar to that seen with co-current flow downward. However, when the cathode flow was upward, against gravity, we saw qualitatively similar performance to that shown in Fig. 8 . The results indicate that more liquid is accumulated in the cathode flow channel.
Horizontal fuel cell orientation.-The SAPC fuel cell was operated with the flow channels running horizontally and with the flows running co-current and the inlets at segment 1. Ignition of the fuel cell proton current follows the same sequence for co-current flows for both horizontal and vertical orientations. Proton current ignition with counter-current flows was also the same for both horizontal and vertical orientations. When the fuel cell is horizontal and liquid water slugs form, they cause the proton current to fluctuate, but the fluctuations are different than those shown in Fig. 8 for the vertical orientation. Figure 9 shows the operation of the SAPC in the horizontal orientation with counter-current flow. The fuel cell current ignited and after ignition the currents in each segment were approximately equal for ϳ8000 s. After 8000 s, approximately 0.4 cm 3 equivalent of liquid water has formed, comparable to the volume of the flow channel ͑0.375 cm 3 ͒. Because the vapor pressure of water is low at 25°C ͑0.025 bar͒ most of the water remains as condensed liquid in the flow channel. The liquid water forms a plug that gets pushed downstream, flooding the cathode flow channel at segments 4-6. As more water is formed, slugs accumulate that block part of the upstream flow channel causing the current to drop. As the current drops, the gas pressure builds up until it eventually pushes forward pushing a slug of water out of the flow channel. The motion of the water plug can be followed by the rise and fall of currents in each segment as the water droplets go past. This problem was not observed when the fuel cell was in the vertical orientation and gas flow going in the direction of gravity. When the gas flow was downward, the water droplets fell to the bottom of the flow channel and were swept out of the flow channel.
Local polarization curves.-The most common characterization of fuel cells is the current-voltage response, commonly referred to as the polarization curve. The polarization curve is obtained by measuring the current through and the voltage across the external load resistance as the load resistance is varied. In the intermediate current range the slope of the polarization curve is approximately equal to the negative of the membrane-electrolyte resistance. With the SAPC fuel cell we can obtain local polarization curves associated with each segment of the anode. Figure 10a shows the "instantaneous" polarization curves for the SAPC fuel cell operating counter-currently. The fuel cell was equilibrated at 25°C and with flow rates of 6 sccm H 2 at the anode and 3 sccm O 2 at the cathode and a load resistance of 0.5 ⍀. To obtain the "instantaneous" polarization curve the external load resistance was swept from 0-20 ⍀ over a period of ϳ100 s. By completing the sweep in a short time, the water content in the fuel cell remains nearly constant; the total water production and water removal are both small over 100 s relative to the total water inventory in the fuel Figure 9 . ͑Color online͒ SAPC operated with counter-current flows in a horizontal configuration. The initial flow rates were 10 sccm H 2 and 10 sccm O 2 ; at t = 5500 s the load resistance was reduced from 18 to 2 ⍀, resulting in ignition of the fuel cell current. The currents are designated by segment number. The voltage is the voltage drop across the load impedance. The fuel cell temperature was 25°C. At 21000 s the flow rates were reduced to 6 sccm H 2 at the anode and 3 sccm O 2 at the cathode. ͑Data file name: retesting.xls͒ Figure 10 . ͑Color online͒ ͑a͒ "Instantaneous" polarization curve for the SAPC fuel cell after ignition. This was obtained by sweeping the external load from 0.2 to 20 ⍀ in ϳ100 s. This sweep was taken for the countercurrent flow shown in Fig. 8 1500 s after ignition. ͑Data file name: retesting2.xls͒ ͑b͒ "Steady state" polarization curves for the SAPC fuel cell. The steady state current and voltage were obtained by stabilizing the fuel cell for ϳ5000 s at fixed load resistance. The load resistance was increased stepwise by 2 ⍀ over the range 2-20 ⍀. ͑Data file name: retesting2.xls͒ cell. The slopes of the polarization curves match our intuitive assumptions about the water content in the membrane; the lowest resistances are in segments 3, 4, and 2, near the center of the flow channel, while the resistances are higher at the inlets because of drying from the feed streams. The resistances vary from 1.5 ⍀ in segment 3 to 2.8 ⍀ in segment 6. Figure 10b shows the "steady state" polarization curves for the SAPC fuel cell operating autohumidified with counter-current flows at 25°C and with flow rates of 8 sccm H 2 at the anode and 4 sccm O 2 at the cathode. Starting with a load resistance of 2 ⍀, the current and voltage were recorded as a function of time. The resistance was increased by 2 ⍀ every 2 h, and we plotted the steady state current and voltage after 2 h. The most obvious difference between the instantaneous and steady state polarization curves is that at low currents the voltage on the steady state polarization curves drop as the fuel cell membrane dehydrates. From Fig. 10b , we can identify the critical load resistance of 6 ⍀ for autohumidified operation at the specified conditions of temperature, flow rate, and flow configuration. At lower loads the fuel cell will sustain autohumidified operation indefinitely. At loads Ͼ6 ⍀ the fuel cell current will begin to extinguish as water removal by convection exceeds water production.
Discussion
We previously reported the existence of ignition/extinction phenomena in an STR PEM fuel cell. 17, 24, 25 The fuel cell current ignited when the water production in the fuel cell exceeded the water removed by convection. Current ignition in a PEM fuel cell results from the positive feedback between the membrane resistivity and the water produced in the fuel cell. The membrane resistivity decreases exponentially with increasing water activity, 28 consequently the water production increases exponentially with water activity ͑a w ͒, while the water removal increases linearly with water activity. This gives rise to steady state multiplicity and critical water activity for current ignition. This is analogous to thermal ignition in an STR with an exothermic reaction. [29] [30] [31] The critical water activity for ignition is analogous to the critical temperature for ignition with an exothermic reaction in an STR.
In this paper, we have shown how the concepts of ignition and extinction can be extended to spatio-temporal reaction front propagation which is controlled by flow rate, temperature and load resistance. Qualitatively, we can describe how these parameters control ignition.
Increasing the flow rate dilutes the concentration of water in the gas streams, reducing the total amount of water that is absorbed into the membrane. Only at low flow rates, when the gas streams are sufficiently humidified by the water formed upstream, will the fuel cell ignite.
Increasing the temperature increases the vapor pressure of water. For the same amount of water formed, less water is retained in the membrane at higher temperature; this dries out the membrane and extinguishes the fuel cell.
Increasing the load resistance reduces the current through the fuel cell circuit and, hence, decreases the water production. With less water formed, the water activity decreases and, hence, the fuel cell extinguishes.
The STR is a one-dimensional reactor, with the gradients only transverse across the membrane. Larger area PEM fuel cells must distribute the reactants over a large area, generally involving complex flow channel arrangements. 5, 8, 21 The gas distribution system will result in lateral gradients of water concentration and variations in gas velocity. 22, 32 The SAPC is the simplest two-dimensional fuel cell system we can envision; it permits the study of lateral gradients and transport on fuel cell performance in a simple and well-defined geometry.
The SAPC fuel cell offers significant advantages to conventional PEM fuel cells for the study of fuel cell dynamics. There have been several numerical studies to predict dynamics of the current distributions in PEM fuel cells. [33] [34] [35] [36] These models have made predictions about the role of in-plane water diffusion in affecting the local current distributions in PEM fuel cells. These models and others have not had direct verification because there have been no reports of the dynamics of current distributions in PEM fuel cells. The results presented here are the first experimental results showing the temporal evolution of the current distribution in a 2-D fuel cell. Ignition and extinction front propagation can be understood by considering the connection between the local water content in the membrane and the local current density ͑which is proportional to water production͒, water convection by gas flow in the flow channels and water diffusion in the membrane. When the flows are cocurrent, ignition occurs at the outlet of the flow channels because the water produced in the fuel cell is convected downstream and accumulates fastest at the outlet. Provided that the temperature and flow rates are sufficiently low, the water can accumulate until the resistance in the membrane drops sufficiently for the current to ignite. After ignition, the water concentration increases in the downstream sections of the membrane, which drives water diffusion upstream through the membrane. The movement of the current ignition front results from a balance between the water transport downstream by convection in the flow channel and water transport upstream by diffusion in the membrane. Reducing the flow rates in the flow channel will cause the front to propagate even further upstream, as seen in comparing Fig. 4b and 5 .
Extinction of co-current flow is a result of the drying of the membrane by convection, when the current is too low to sustain the water in the membrane. Drying is enhanced at higher temperature, higher load resistance, and higher flow rates. Drying proceeds from the inlet toward the outlet as water evaporates from the membrane into the gas flowing in the flow channels.
Counter-current flow produces a different ignition pattern than co-current flow because water is convected in opposite directions in the anode and cathode flow channels. This results in water accumulating fastest at an interior position along the flow channel, a location determined by the relative flow rates at the anode and cathode. When the flow rates were nearly equal, we saw that the ignition was close to the center of the cell. Altering the flow rates pushes the ignition point downstream in the direction of the higher flow. The fanning of the ignition front in counter-current flow results from water diffusion in the membrane in both directions away from the highest concentration, the ignition point.
The qualitative experimental trends of the sequence of current ignition and extinction along the length of the flow channel follow our expectations. However, the steady state current profiles were not identical to what we expected. The steady state current profiles were affected by nonuniformities in the membrane electrode assembly caused by variations in compression. These variations altered the local resistances associated with the segmented electrode. We suspect that unitary assembly of commercial MEAs would show better uniformity than we report here. Our concern here is to identify the generic fuel cell pathology that will be exhibited by PEM fuel cells, and we want to focus on that generic behavior.
We can get a semiquantitative match to the ignition/extinction behavior in the segmented anode parallel channel fuel cell with a relatively simple model. Our STR model can be extended to a "tanks-in-series" model, treating each segment of the anode as a differential reactor. [37] [38] [39] The dynamic time scales for the ignition and front propagation are dictated by water sorption in the membrane, the convective flow rates in the anode and cathode channels, and the diffusion rate of water in the membrane.
Water sorbs into the polymer, ionizing sulfonic acid groups facilitating proton transport; water sorption scales with the number of sulfonic acid groups in the membrane and the proton conductivity depends on the sulfonic acid density ͑N SO3 ͒ and the number of water molecules hydrating each sulfonic acid ͑͒. Water is sorbed into the membrane when the water activity in the gas flow channels is greater than the water activity in the membrane, and water desorbs when the water activity is greater in the membrane. We make the simplifying assumption that the water activity in the membrane is in local equilibrium with the water activity in the gas flow channels, and the only gradients are longitudinal along the channel. With the STR PEM fuel cell, we found that water activity in the anode and cathode gas flow channels are nearly equilibrated with the membrane for current densities Ͻ1 A/cm 2 .
18,25
The water balance in each differential element of the membrane is given by Eq. 1 ͑j = 1-6; j = 0 is the feed and because water cannot diffuse from outside the fuel cell a w7 = 0͒. The water inventory is the balance between water produced ͑one-half the proton current͒, water convected in the gas flow, and longitudinal water diffusion ͑described by a lumped mass transfer coefficient between differential elements͒. The water inventory includes water in the membrane and water vapor in the flow channels; in general, the water vapor in the flow channels is much less than water sorbed in the membrane, in which case the second term on the left hand side of Eq. 1 can be ignored. Equation 2 is an empirical fit to the number of water molecules associated with each sulfonic acid group as a function of water activity in a Nafion 115 membrane 28, 39 
͓2͔
The total gas pressure is fixed and the local water activity in the membrane is assumed to be in equilibrium with the local gas phases, i.e., a w͑j͒ P w o = P w͑j͒ and P H2͑j͒ = P O2͑j͒ = P T − P w͑j͒ . The molar flow rates change along the flow channel as water is formed and reactants are consumed; the molar flows are given by F A͑j͒ = F A͑j−1͒ − i ͑j͒ /4F and F C͑j͒ = F C͑j−1͒ . Finally, we assume the local potential between the anode and cathode is the thermodynamic potential as given in Eq. 3, where P o is the standard state pressure ͑1 bar͒ for hydrogen and oxygen. ͑The thermodynamic potential assumption neglects interfacial potential drops due to finite reaction rates, resulting in the predicted currents being about 20% larger than those found in real fuel cells.͒
Based on the equivalent electrical circuit, the differential elements that are in series for gas flow are electrically connected in parallel to each other. The voltage across the external load resistance thus depends on the total current produced by all elements; the local current is given by Eq. 4. The local membrane resistance, R M͑j͒ , depends on the local water content in the membrane and the area of the differential element; the area of the membrane element was taken to be one-sixth the total membrane area of total MEA area of 1.2 cm 2 . For a Nafion 115 membrane employed in the SAPC fuel cell the membrane resistance as a function of water activity is given by Eq. 5
͓5͔
Ignition occurs when the local production of water in the fuel cell exceeds the water removed by convection. Water production depends on the load resistance and the membrane resistance. A dry membrane has a resistance of 500 k⍀-cm 2 , limiting the current density to a maximum of 2.4 A/cm 2 ͑ j = 1.2 V/R͒; at 80°C the feed flow rates would have to be Ͻ10 −3 cm 3 /min to ignite the fuel cell. Absorption of 10 L/cm 2 , of water into the membrane reduces its resistance to ϳ10 ⍀-cm 2 , increasing the maximum current density to 100 mA/cm 2 . For gas flow rates of Ͻ10 cm 3 /min, this current is sufficient for the fuel cell current to ignite at temperatures Յ50°C, as shown in Fig. 2 .
The key elements that account for ignition are an exponential increase of proton conductivity in the PEM with membrane water content and the dynamics of water uptake into the PEM. The location of ignition and front propagation are consequences of convection of water produced downstream where it can accumulate and diffusion of water upstream through the polymer membrane. The simple model can capture the current ignition and current front propagation, though the model predicts larger currents than we observed experimentally. Figure 11 shows the model prediction of the ignition front propagation for co-current and counter-current flows and can be compared to the experimental data shown in Fig. 7 . The time scales are approximately correct and the current densities are within 25% of the experimental values. The performance of this simple model is satisfactory.
The model is only semiquantitative; it neglects finite mass transfer rates of water into the membrane and from the membrane into the gas phase at the anode and cathode. The model also neglects the effects of liquid water on hindering gas transport from the flow channels to the membrane/electrode interface. More complex models that incorporate these effects can give quantitative fits to the experimental results, but do not alter the basic physics. For co-current flow, the water produced upstream is conducted toward the outlet, where it slowly accumulates in the membrane. When the water content increases to the point where the local membrane resistance becomes comparable to the external load resistance the current increases rapidly, hydrating the membrane and causing ignition at the outlet of the flow channel. Water is also transported upstream through diffusion in the membrane itself, causing upstream propagation of the current ignition. The model did not capture the decreases in the downstream current after the ignition propagated to the inlet of the fuel cell. We attribute the decrease in downstream proton current after ignition to liquid water accumulating in the cathode, inhibiting oxygen transfer to the catalyst and reducing the current. A more complicated model that includes two phase flow of water liquid and vapor would be necessary to simulate these phenomena.
The two stage ignition with a current pulse at short times when the reactants first arrived at the membrane/electrode interface was not captured in the model. There are other complexities in the experiment that the model does not capture. The rise in current in the downstream segments before extinction, and the negative currents in the central segments are not predicted at all by the model. These phenomena result from electrical communication between segments that we ignored. For example, the negative currents shown in the extinction data in Fig. 3 suggest that there are potential differences between segments 4, 5, and 6 that drive local currents where hydrogen is oxidized at the electrode on segments 5 and 6, and the protons move through the membrane to segment 4 where they are reduced to hydrogen.
Liquid water was observed leaving the flow channels 30-40 min after ignition. Ignition takes the fuel cell from very low water activity to water activity close to unity, followed by accumulation of water and, eventually, condensation of liquid water in the flow channels. Gravity plays a key role in how such liquid water moves through the flow channels; the operation changes dramatically if gas flow in the channel is counter to gravity driven liquid water flow. When the fuel cell was vertical, gravity caused the liquid to drain and permitted good access for the reactants from the flow channels to the electrode/electrolyte interface. We observed that when the fuel cell was positioned so that liquid water could freely drain under gravity, the steady state fuel cell operation was stable. However, when the fuel cell was oriented so that the gas flow needed to push liquid water against gravity, there were large fluctuations in the local current density, which appeared to show some correlation with water droplets exiting from the fuel cell. In the horizontal orientation, liquid water condensing in the flow channels could partially block flow, and this hindered the reactants from getting to the electrode/ electrolyte interface. The liquid drops were pushed along the flow channels by the flowing gas, but in an irregular fashion, that gave rise to large fluctuations in the local current density. Transport of liquid water in the flow channels is not accounted for at our level of modeling. We examined many published models for PEM fuel cells and we found none that considered the effects of gravity on the two phase flow in PEM fuel cells. 1, 3, 10, 12, 22, 32, [40] [41] [42] [43] [44] The role of gravity on two-phase flow in PEM fuel cells could play an essential role in the control for PEM fuel cells systems.
Conclusions
Current ignition in PEM fuel cells is analogous to thermal ignition with exothermic reactions. The proton conductivity depends exponentially on the water content in the membrane, similar to the Arrhenius exponential dependence of the reaction rate constant on temperature. When the PEM fuel cell is operated autohumidified, current ignition results from a balance between water production and water removal; positive feedback between water produced and the proton conductivity in the polymer membrane ignites the current. Current ignition in the two dimensional gas flow channel gives rise to spatio-temporal current density fronts that propagate. The current density fronts are analogous to flame fronts, but result from nonlinear dynamics due to water concentration. We introduced a model fuel cell reactor with a segmented anode and parallel flow channels. This model reactor permitted the measurement of local currents along the length of the flow channel. Current ignition and extinction were followed as functions of reactor temperature, feed flow rates, flow configuration, and load resistance. Co-current flow of the hydrogen at the anode and oxygen at the cathode ignited the current at the outlet from the flow channel; after ignition a current density front propagated toward the inlet due to water diffusion in the membrane. Counter-current hydrogen and oxygen flow resulted in current ignition toward the center of the flow channel with the current fanning out toward both ends. The key physical features of the ignition and front propagation can be captured with a relatively simple "tanks-in-series" model of the SAPC fuel cell reactor.
The orientation of the reactant gas flows relative to gravity plays a key role in the long-term stability of the fuel cell operation. When the reactant flows are assisted by gravity in draining liquid water from the flow channels, the currents are stable. When the fuel cell is oriented so the liquid water must be pushed from the flow channel by gas flow against gravity, the local current densities fluctuate. The current density fluctuations appear periodic, where the period is ϳ1 s for vertically oriented fuel cells and ϳ10 4 s for horizontally oriented fuel cells.
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